Electrowetting of two nonwoven textile platforms is reported. Demonstrated nonwoven textiles include a polyethylene naphthalate film that was laser milled with ϳ125 m pores, and pressed paper that was made using wood microfibers of 35-50 m diameter. Vacuum deposition provided an Al electrode on the polymer textile whereas layer-by-layer nanoassembly provided an organic PEI-PEDOT:PSS electrode on the wood microfibers. Both textiles were electrically insulated with parylene C and fluoropolymer. Irreversible electrowetting of water was achieved over contact angles of ϳ120°to ϳ70°by applying 0 -100 V. Completely reversible electrowetting of water/oil was also demonstrated. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2753750͔
The dominant paradigm in textile manufacturing is that wetting properties are permanently determined at the time of manufacturing. However, there are an increasing number of approaches that allow surface wetting to be modulated in real time at the end-user level. Several techniques for wetting modulation include optically reconfigured spiropyrans, 1 thermocapillarity, 2 redox-active surfactants, 3 and electrowetting. 4 Electrowetting is seeing rapid growth as it is enabling potentially important fluidic technologies for lab on a chip, 5, 6 liquid optics, 7, 8 and high brightness displays. 9, 10 In this letter, we report on electrowetting applied to nonwoven textiles. Fabrication of polymer and wood microfiber electrowetting textiles is described. A brief review of electrowetting theory on nonplanar surfaces is provided along with experimentally observed results for electrowetting textiles. Lastly, textile electrowetting with colored oil and water is presented as a basis for improved reversibility and for tunable color surfaces.
An electrowetting textile could be considered as a specialized class of electrotextile.
11 Like many general electrotextiles, electrowetting textiles require an integrated conductor and a conformal electrical insulator. An electrowetting textile further requires a hydrophobic surface so that a wide range of wetting modulation may be achieved. Taking these criteria into consideration, fabrication of the electrowetting textiles shown in Fig. 1 was performed as follows. Nonwoven scaffolds were chosen over a woven bicomponent 12 fiber scaffold since nonwoven fibers are immobilized and less susceptible to fiber-to-fiber abrasion. Nonwoven polymer textiles were fabricated by CO 2 laser milling of holes in a ϳ125 m thick polyethylene naphthalate ͑PEN͒ film. Several samples were fabricated with hole radii of ϳ50 m and hole densities ranging from approximately tens to thousands of holes/ cm 2 . This nonwoven PEN textile was then cleaned and a 50 nm coating of Al was deposited onto the textile. The textile was then coated with ϳ1 m of parylene C using a Speciality Coating Systems 2010 lab coater. Parylene C provides pinhole-free electrical insulation ͑2 MV/ cm, r ϳ 3͒ and conformal coating even for nanoscale features. 13 The samples were then dip coated with a fluoropolymer solution. The dip-coating solution consisted of 1 wt % DuPont Teflon AF fluoropolymer in 3M FC-40 fluorosolvent. The low 16 mN/ m surface tension of the solution allows for permeation and coating of the pores in the textile. Next, the textile was baked at 120°C for 15 min and a final surface energy of ϳ16-18 mN/ m was obtained. The fluoropolymer thickness was approximately hundreds of nanometers with some thickness variation due to dip coating onto a nonplanar surface. The combined parylene/Teflon film stack is herein referred to as the hydrophobic dielectric. A second nonwoven textile was fabricated from pressed wood microfibers ͑ligno-cellulose͒ that are ϳ3 mm in length and 35-50 m in diameter. A layer-by-layer nanoassembly of conducting poly͑3,4-ethylenedioxythiophene͒-poly͑styrenesulfonate͒ ͑PEDOT-PSS͒ polymer on wood microfibers was utilized to make the fibers and textile electrically conductive.
14,15 Polycation poly͑ethyleneimine͒ ͑PEI͒ was deposited in alternate sequence with the anionic PEDOT-PSS to construct an electrostatically connected multilayer on the wood microfibers. PEI-PEDOT:PSS coated microfibers is adequate for electrowetting modulation since electrowetting only requires capacitance charging and does not require dc current flow. This microfiber textile was then electrically insulated with parylene C and made hydrophobic with Teflon AF coating using the procedures previously described for the PEN textile. Images of the fabricated textiles are shown in Fig. 1 . It can be noted from Fig. 1 that the PEN textile was highly flexible, whereas the microfiber was flexible, but subject to creasing for bend radii below a few centimeters. Liquids for electrowetting testing included de-ionized water or 0.1M KCl saline solution ͑␥ ϳ 73 mN/ m͒. Contact angles were measured using an AST VCA-Optima system. The difference in advancing and receding contact angle was measured to be ϳ20°for the PEN textile and ϳ40°for the microfiber textile. For all electrowetting experiments, the liquids were grounded and the electrical potential was applied to the textiles.
Electrowetting occurs as applied voltage results in charge accumulation near the three-phase liquid/solid/ ambient contact line. 4 This charge accumulation alters the balance of interfacial surface tension forces and reduces the liquid contact angle. The textile surfaces presented here are highly irregular compared to other reports of planar 4 or structured 16, 17 electrowetting surfaces. However, as a first approximation electrowetting on a textile may be predicted by the Cassie and Baxter equation ͓Eq. ͑1a͔͒ and the so-called electrowetting equation ͓Eq. ͑1b͔͒ adapted to a planar surface with voids, 18 cos S = ␤͑1 + cos Y ͒ − 1, ͑1a͒
where ␤ is the fraction of solid surface area contacting the liquid, Y is the microscopically observed Young's contact angle as derived from only interfacial surface tension, s is the macroscopically observed contact angle due to the effect of ␤, ␥ is the interfacial surface tension between the saline and the ambient environment, and d provide the capacitance of the hydrophobic dielectric, V is the applied dc or ac rms voltage, and V is the macroscopically observed electrowetted contact angle. Equation ͑1b͒ in conjunction with the parameters described for fabrication of the PEN textile are plotted in Fig. 2 . The measured initial contact angle is ϳ10°lower than the theoretical value predicted by Eq. ͑1a͒. This is expected because the PEN textile exhibited ϳ20°of contact angle hysteresis and since there is a temporary increase in droplet area during application of the droplet to the textile. For textile applications, this reduction in initial contact angle is likely representative of most liquid/textile encounters. The remainder of the experimental electrowetting response follows expected electrowetting behavior, including the typical onset of electrowetting saturation 4 at ϳ70°. The experimental contact angle reduction occurs at slightly lower voltages than theoretically predicted. This suggests that the dielectric capacitance or ␤ are slightly different than that predicted by the fabrication criteria. Reversible electrowetting is achieved down to V ϳ 100°. Irreversible wetting at V ϳ 100°indicates that the microscopic contact angle has reached the threshold for capillary wetting into the textile pores. We speculate that the controllable onset of capillary wetting through the textile might be the most promising capability for textile applications. Electrowetting behavior for the microfiber textile was also observed and plotted in Fig. 3 . The highly irregular surface of the microfiber textile observed in Fig. 1͑b͒ does not allow a direct calculation of ␤ and contact angle according to Eq. ͑1b͒. However, as expected the increased roughness did result in a more hydrophobic initial contact angle of ϳ130°. Reversible electrowetting of the microfiber textile was not observed. This is expected since the irregular surface geometry of microfiber scaffold has numerous converging and diverging capillary features. Electrowetting into a converging capillary feature should occur at lower voltages and can lead to irreversible wetting. Electrowetting was tested to the limit of the voltage source and electrowetting saturation was not observed.
In previous work, we have demonstrated that using oil as the ambient allows full electrowetting reversibility on carbon nanofiber scaffolds. 19 Therefore, additional electrowetting experiments were performed using water and dodecane ͑␥ ϳ 25 mN/ m͒ colored with a red nonpolar dye. In addition to improved electrowetting reversibility, the ability to use electrowetting to alter the color of the textile substrate might be of interest for applications such as electronic paper. Photographs during electrowetting were taken for both the PEN and microfiber textiles, and are shown in Fig. 4 . The images in Fig. 4 are taken through a water layer that covers the oil film and textile. At zero voltage, Young's contact angle for the water exceeds 170°and the oil is spread thin over the surface with a complimentary oil contact angle of Ͻ10°. As voltage is increased, the water contact angle decreases, the oil contact angle increases, and the oil obtains a spherical cap geometry. 9 For the PEN textile shown in Fig. 4͑a͒ , the motion of the oil self-aligns to the pores in the textile. We are currently investigating the role of the radius of curvature of the oil meniscus below/above the textile ͑r͒ and the corresponding Young-Laplace pressure ⌬p ϰ 2␥ / r. These results will be reported in a future publication. The microfiber textile also exhibits a reduction in the oil area as applied voltage is increased and also exhibits reversible electrowetting ͓Fig. 4͑b͔͒. The highly irregular surface of the microfiber textile makes formation of a predictive model challenging. However, from the photographs it is observed that the thinnest oil ͑lighter red͒ is generally the first to displace via electrowetting. It is speculated that these areas with thinner oil are topographically the flattest and/or are of higher relative elevation compared to surrounding textile areas.
The techniques demonstrated herein provide a means by which electrowetting can be integrated into film and fiberbased nonwoven textiles. With future development, electrowetting textiles might provide textile engineers with a new tool for creating applications where textile wetting is modulated at the end-user level. It is important to note that the higher voltages utilized herein can be lowered through addition of surfactants ͓lower ␥, Eq. ͑1b͔͒, and/or by narrowing the functionality of the textile to simple gating of capillary wetting. Such textiles might utilize converging capillaries and/or water with surfactant to create an initial contact angle that is near the threshold of capillary wetting. Therefore, according to Eq. ͑1b͒ only a small voltage ͑ϳ10-20 V͒ would be required to induce liquid wetting into the textile. Also of interest in future work is integrating the second counter electrode within the textile, or providing the counter electrode as second textile in a two-ply format.
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